I. Introduction
The distributions of most chemical species in the stratosphere are affected by both dynamical and chemical processes. Conversely, the distribution of certain photochemical species, such as ozone, can influence the radiative budget of the stratosphere, affecting temperatures and motions. Satellite remote observations of the stratosphere to date have provided only temperature and constituent measurements. The horizontal winds on a global basis have been deduced from temperature fields by using the thermal wind relationships, which relate the vertical shear of the geostrophic wind components to horizontal temperature gradients. These equations, however, are only a good approximation for large scale, low-frequency, extratropical flows.' The High Resolution Doppler Imager (HRDI) on the Upper Atmosphere Research Satellite (UARS) is providing the first direct measurement of the global horizontal wind field in the stratosphere and mesosphere. UARS was launched September 12. 1991 into a 585 km circular orbit inclined 57' to the equator.' The spacecraft contains ten instruments designed to study the chemistry and dynamics of the stratosphere and above. Knowledge of the stratospheric wind field will help to determine how transport and mixing , -, J influence the ozone budget in the lower Stratosphere, and to quantify the mean and eddy circulations associated with obsetved semi-annual oscillations. In the mesosphere, the wind measurements will help to assess the relative role of turbulent diffusion and bulk advection in accounting for mesospheric tracer budgets.
The goal of HRDI is to measure the vector winds in the stratosphere (15 to 40 km), mesosphere and lower thermosphere (-60-120 km) during the day, and the mesosphere at night (-95 km) to an accuracy of 5 meters/second. In addition to winds, the instrument also determines temperatures, cloud top heights, effective albedo, aerosol phase function and scattering coefficient.
The measurement technique3j4 consists of using the Doppler shift of rotational lines of molecular oxygen along two lines of sight in order to determine the horizontal wind vector. Figure 1 is a schematic illustrating the physical processes involved in the measurement. Depending on the band and atmospheric region, molecular oxygen lines can be observed in either emission or absorption, the latter dominating below -50 km. Solar radiation incident on the atmosphere is absorbed, exciting molecular oxygen into the 0 2 ( b l Z: ) state. This can occur directly through resonance or photochemical reaction^.^^^ When this process takes place in the mesosphere or above, where quenching effects are small, the 0 2 emission lines in the A band of the (blZz, v' = 0-X'Zg, vn = 0) t r a n s i t i o n a r e observable. The contribution from emission in the B(1,O) and y(2.0) bands is much weaker because the excited vibrational states are collisionally quenched into the v'=O state before the electronic transition takes Emission in the B and y bands can thus be ignored in the stratosphere and mesosphere. Below -50 km electronic quenching ( b k z -XIX;) rather than emission dominates the loss process. In this case the photons absorbed are not reemitted, and absorption lines develop in the spectrum. Absorption features in the A (-762 nm, 13120 cm-'), B (-688 nm. 14525 cm-') and y (-629 nm, 15900 cm-1) bands can be observed when solar -EMISSION Fig. 1 . Schematic illustrating the physical involved in the HRDl measurement. radiation is elastically scattered by molecules (Rayleigh) and aerosols (Mie) into the field of view of the observer. This scattering may occur before or after light is reflected from the surface. The line features generated by the Atmospheric bands (see Ref.
3) are generally quite narrow, with a width of -0.001 nm (2 x 10-2 cm-'), and lend themselves to the Doppler shift measurement technique.
The HRDl instrument and early results have been discussed el~ewhere.'~-'5 This paper will review the instrument, discuss some of the important in-flight calibrations, and give examples of the type of data recovery possible. There are a number of atmospheric parameters that can be obtained with HRDI, but this paper will deal exculsively with the recovery of winds.
rv of OseratiQn
A horizontal wind speed of 10 d s , which is typical for the middle atmosphere, causes a Doppler shift of -2 x nm (4 x 10-4cm-i), This small shift requires a high resolution spectrometer with high sensitivity and very good stability. The HRDl instrument is a multiple Fabry-Perot interferometer designed to achieve these goals. The Fabry-Perot was chosen because of its large light gathering power and high resolution.16 Since complete descriptions of the Fabry-Perot interferometer have been given only an outline is provided here. The Fabry-Perot interferometer is a decepively simple device that consists of two transparent plates that are extremely flat (up to U200) and parallel (tilt c 2 x 10.'' rad). The inside surfaces are coated with a relatively high reflectivity coating (-80 to -95%), that is usually a multilayer dielectric stack.
The device is a reasonating cavity which forms Haidinger fringes at an infinite distance from the etalon, which are brought back to some finite distance by the use of imaging optics. The transmittance for an ideal Fabrv-Perot etalon is processes given by the Airy function
where R is the reflectivity of each plate and m is the order of interference, which in turn is given by
where p is the index of refraction of the material between the plates, t the separation between the plates, v the wavenumber of light, and e the angle of incidence in the gap. The peak transmittance of such an ideal etalon is 1 and occurs whenever the order of interference is an integer. This can occur for infinite combinations of p.t,B, and v. If we vary only the wavenumber, the separation between peaks at normal incidence is
If m is an integer for the conditions p=l (vacuum), t=to, 6=Bo=0 and v=vo, then in order for m to remain an integer the following condition must be satisfied:
This illustrates that for spaceflight applications there are two practical methods for scanning a Fabry-Perot interferometer in wavenumber: 1) by looking at different angles through the interferometer, which amounts to viewing different spatial locations at the focal plane of the imaging optics, and 2) by varying the thickness of the etalon gap. Both of these techniques are utilized by HRDI.
AVIV = e*/2 -At&.
The Airy function describes a periodic response as shown in Fig. 2(a) . This instrument response is adequate to observe narrow spectral features with a very small background, so that light will be transmitted only through one order. This nearly This shows that to minimize wind errors, the signal should be as bright as possible and the slope of the signal should be large., The, instrumental width (-0.a01 nm, 0.02 cm-) is signficantly greater than the shift due to atmospheric winds. It is important to recognize that HRDl measures Doppler shifts on the order of 1 0-5 nm, and is not attempting to resolve spectral features of this magnitude. Since the width of the spectral line depends on convolution of the instrument width and the atmospheric line shape, there is no reason to make the instrument resolution much narrower than the line as the resultant signal will not become sharper and the signal to noise will decrease.
The HRDl instrument consists of three components:
a telescope for viewing the atmosphere (Fig. 3 ), the interferometer (Fig. 4) and the microprocessor and electronics. Light from the atmosphere is collected by a fully gimballed telescope that allows obsetvation on either side of the spacecraft. The telescope is a 17.8 cm diameter off-axis Gregorian design with vertical and horizontal fields of view equal to 0.12" and 1.37O, respectively. Light enters the interferometer either from the telescope or from calibration sources (spectral and incandescent lamps) by positioning a scene selector mirror. The light beam is expanded from 3 mm in diameter to 25 mm and passes through a dual filter wheel. Each filter wheel holds eight filters and each filter has a bandwidth of -0.8 nm (17 cm-'). A small fraction of the light is collected by a photometer which provides information on the brightness in the broader spectral region. The light beam is then further expanded to 96 mm diameter and passes through the three etalons. The spectrally dispersed beam is focused on the detector by a telescope with folded optics that allows a 2 meter focal length to be incorporated in about a one-half meter space. The detector is a multiple channel concentric ring detector that spatially scans the highest resolution etalon in wavelength. This device, known as an Image Plane Detector (lPD)22 is a photomultiplier with an anode pattern which duplicates the interference pattern of the interferometer. This allows multiple wavelengths to be simultaneously sampled. For the device used on HRDI, 31 wavelengths are sampled with the spectral width of each channel covering about 0.001 nm. The HRDl instrument is controlled by a dedicated microcomputer. The computer is necessary to properly control the spacing of the piezoelectrically controlled etalon gaps, compensate for thermal drifts, and to point the telescope.
The design of the HRDl instrument allows for versatile programming of operational modes. Here a single mode is described to illustrate the procedure. The operational modes of the instrument are stored in the computer's memory as look-up tables. These tables contain information on the telescope pointing, interferometer tuning wavelength, and dwell time at each altitude. The mode described here is the stratospheric daytime wind mode which scans the stratosphere from 10 to 40 km with a horizonal resolution of -500 km. The telescope initially looks forward, about 45' to the spacecraft velocity vector, and vertically scans the atmosphere, pausing at each tangent altitude long enough to collect enough signal to meet the required statistical accuracy (see Fig. 5 ). The telescope scans from the lowest altitude to the highest in the B band and repeats the altitude grid but using the y band as it scans back down. After this sequence is performed the telescope slews to look backwards, 135' to the velocity vector. slew is about one minute. The telescope then repeats the two vertical scans and SlBWS back to the forward looking direction. This sequence repeats until the computer issues the commands to start a new mode. With the mode described, a backward viewing scan will sample very nearly the same volume in space as a forward viewing scan performed 9 minutes earlier. The look directions at this volume will differ by 90'. allowing the two measurements to be combined to give a vector.
The data from HRDl consists of a spectrogram of 32 points (31 from the interferometer and one from the photometer channel), the telescope pointing direction and a number of parameters describing the thermal and electrical state of the instrument. All spectrograms from a given altitude are averaged and corrected for instrumental effects. The line of sight Doppler shift is then determined and converted to a line of sight wind speed. Since this represents the integral effect of atmospheric motions, and not a point value, data are then inverted using weighting functions developed by Hays and A b r e~. *~ This gives a horizonal component of the wind velocity along a particular look direction. These are combined with measurements from an orthogonal look direction to provide the vector wind at a given point. The result is an altitude stack of wind vectors along the satellite track. Data from other sources (rawinsondes. rockets, etc.) will periodically be used to verify the velocity recovery and provide the zero velocity reference. The final step in the location of the zero wind position. Because of the large Doppler shifts induced by the spacecraft, which has the effect of moving the spectrum around on the detector and because of slight nonuniformities in the detector response, it is not practical to try to locate the zero position during prelaunch calibration. Instead, we use actual wind data collected in orbii. This data is used with geophysical constraints and correlative data taken by rockets, balloons, radars, and lidars to properly locate the zero position. We shall now discuss each of these three items.
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The instrument drift (both temporal and thermal) is monitored using observations of onboard spectral lines. The thermal drift is driven by both orbital variations, which amount to -+0.1 degrees, and by a monthly solar beta cycle which amounts to about k1 degree. The short term drii is illustrated in Fig. 6 , which shows in velocity units the variation in the position of a neon line at 629 nm (14427 cm-l) over a little less then 3 orbits. This demonstrates that orbital variations cause less than a 1 m/s drift in the instrument. Longer term drifts are determined by analysis of daily calibration data. An example of the long term drift is presented in Fig. 7(a) , which indicates the instrument drift as observed in calibration data collected since the beginning of the mission. In Fig. 7(b) , the data has been corrected for the temperature sensitivity of the instrument, leaving a residual long term drift. The large change during the first 100 days is probably due to effects such as processing is to interpolate the data onto a common UARS spatial and temwral grid for -. . . , . . . . This is done by temperature sensitivity of the instrument, leaving a observing the passage of stars residual long term drift. (c) Position of the calibration through the telescope field of view, line corrected for temperature effects and the long term These measurements are carried out drift. These same corrections are applied to the HRDl in two ways: in the first, the roll and atmospheric observations. pitch misalignments are measured by outgassing, as the instrument gradually adjusted to allowing several stars (near the the space environment, The area of no data rolVpitch plane and at various angles from the roll between days 200 and 215 corresponds to a period axis), to pass through the field of view. We can then when there was a failure of of the HRD~ determine the difference between the measured eiectronics and that between days 265 and 31 0 crossing time of the star through the field of view and corresponds to the period when the instrument was a cahlated crossing time based on knowledge of due to problems with the spacecraft the spacecraft ephemeris and the star's position in solar array. There is a substantial shi fl in line position the Sky. Although each measurement provides only this latter period. While the precise of information about the sum of the roll and pitch this change is still under investigation, it is misalignments, by combining the information from to have of the eareme several stars at different angles from the roil axis in a low temperatures experienced by HRDl during the least Squares fashion, the roll and pitch errors can be extended interval when instrument power was switched off. In any case, the data may be readily corrected for the observed long term drifl [ Fig. 7(c)] .
Because the view of the sky is limited by the The temperature variations and the long term drift Spacecraft and by the Eaflh, it is necessary to use a can be determined to a few meterdsecond and are different technique to the Yaw used to correct the HRDl observations. misalignment. This involves viewing a series of stars, employing a different offset between each of the The spacecraft velocity of 7500 m/s is large expected star Positions and the telescope boresight. The Presence or absence of a star signature at the various offsets yields the Yaw misalignment. frames. Note that the pitch misalignment changes depending on the sign of the spacecraft beta angle (the angle between the orbit plane and the sun). This result was somewhat surprising at first. but we theorize that the alignment difference is caused by the fact that the spacecraft itself is yawed around 180 degrees when the beta angle changes signs, to keep the sun on the same side of the spacecraft (toward the solar panel and away from the instruments' radiators). These two states of the spacecraWsun alignment may cause differences in the way the spacecraft structure is heated by the sun, and thus change the misalignment between the spacecraft and the HRDl instrument.
The in-flight calibration data provides information on changes in the zero reference position, but not its absolute value. This parameter is determined from geophysical constraints and correlative data. An example of reasonable geophysical constraints for the mesosphere are that the global mean winds sampled at the same local time do not change rapidly over a period of a day or two and that the long-term global mean meridional winds are zero. The two constraints have yielded estimates of the reference positions accurate to within about 10 ms-l . Fig. 9 . It is a nontrivial problem to compare satellite remote sensing observations with other types of data. Correlative instruments typically provide vertical profiles more or less directly above the station, yielding essentially point measurements. In contrast, limb viewing satellite instruments such as HRDl give profiles which are a weighted average along the line of sight. There are also uncertainties associated with the averaging procedures employed by the correlative measurement techniques. Because of the different effective spatial and temporal resolutions of the HRDl and correlative measurements and the high degree of short term atmospheric variability, this means that the various techniques are not really sampling the same quantity. In addition, most inversion methods (including those used by HRDI) employ filtering techniques designed to remove altitude oscillations which are purely artifacts of the analysis procedure. These may have varying degrees of success, and it is possible that variations which are real may be removed from the data.
The spectra contain information about the density of 0 2 and the concentration of ozone at these altitudes and we are in the process of determining the quality of recovery of these quantities. The stratospheric data contain information on the winds from about 20 km to 40 km with a vertical resolution of 2.5 km.
The aerosol extinction coefficient at 630 and 690 nm and the aerosol phase function are also determined.
In addition, quantities related to the cloud height and surface albedo are ) recovered. The horizontal resolution for all of these parameters is a few hundred The spatial separation between the two sets daytime portion of the Another difficulty is that the coincidence of the HRDl and correlative measurement is never exact, either in space or time. Because of the problems outlined above, the comparison of HRDl data with other measurements on a profile by profile basis is of limited value. It is necessary instead to view the data sets from a statistical perspective. One approach is to determine the mean differences between the HRDl and correlative measurements for each site using as many coincidences as possible (typically 10-50). This information allows the zero velocity to be determined to within a few meters per second.
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HRDl has been collecting data since October, 1991 and here we will show a few examples of the preliminary results. As a matter of convenience, we divide the atmosphere into the lower (stratosphere) and upper (mesosphere and lower thermosphere). This division is based solely on our operational method of collecting data. In the mesosphere we determine the wind field between about 50 and 110 km altitude , the atmospheric temperature and the volume emission rate of the 0 2 Atmosphere band during the day and the wind at about 95 km at night. Fig. 10(b) the observations are compared to a tidal s i r n u l a t i~n .~~ The general structures are the same in both, although the vertical wavelength observed by HRDl (22-25km) is slightly shorter than predicted by the model.
uncertainty in the
The algorithms for the stratospheric inversions are still under the final stages of development. However, they are at a level sufficient to resolve the gross characteristics of the stratospheric wind field as illustrated in Fig. 11 . This shows the wind field on September 7, 1992 at 30 km. The winds at high latitudes are very large, revealing the presence of the polar vortex, which is so important in understanding the ozone chemistry at these latitudes. The use of HRDl data to determine the winds and other UARS instrumentation that measure the constituent densities and temperatures will be used to unravel the complex ozone problem.
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